The hierarchical self-assembly of surfactant molecules into large clusters of vesicles is described. The two-step process relies on the initial stabilization of vesicles by guanosine monophosphate followed The hierarchical organization of molecules into large multicellular structures is one of the fascinating features of living organisms.
The hierarchical organization of molecules into large multicellular structures is one of the fascinating features of living organisms. 1, 2 An important aspect of organisms is their colonization in an environment which allows growth. 3 For instance, studies related to the origin of life have shown that unicellular algae become multicellular owing to the presence of different iron-containing surfaces, like FeS or other mineral clays, by utilizing specific metalion uptake mechanisms (for example, iron). [4] [5] [6] This fact inspired us to develop a synthetic system that mimics the biological hierarchical self-assembly of small molecules into multicellular structures. This would provide a model system for studying biological processes and properties associated with higher-order structures, such as communication, cooperativity, transport and catalysis. [7] [8] [9] The first step involves the nucleotide-triggered selfassembly of individual surfactant molecules into vesicles which, in a second step, cluster into multivesicular aggregates. The latter step is triggered by metal ions, which are released from a metal surface. This is an important feature because it provides a straightforward tool to induce concentration gradients in a solution, which is currently attracting great interest in out-of-equilibrium chemistry, and permits programmable surface patterning. [10] [11] [12] We recently showed that adenosine triphosphate (ATP) can stabilize vesicular aggregates composed of the surfactant C 16 TACNÁZn 2+ in an aqueous buffered solution (TACN = 1,4,7-triazacyclononane).
13,14
The presence of ATP caused a 10-fold decrease in the critical aggregation concentration of C 16 TACNÁZn 2+ (cac) from around 100 mM to 10 mM, which implies that ATP can induce aggregation at concentrations at which the surfactant molecules by themselves are not in an aggregated state. 13 This effect is ascribed to charge neutralization on the surface and the interaction of a single ATP molecule with multiple surfactant molecules, leading to a preorganization of the latter. We hypothesized that this first self-assembly step could form the basis for the formation of higher-order structures by introducing additional recognition elements in the system. Our strategy relied on the use of guanosine monophosphate (GMP) rather than ATP as a templating agent for vesicle formation, 15 because it is known that the formation of coordination bonds between an Ag + -ion and the N7 of the guanine nucleobase causes the self-assembly of multiple GMP units. 16 Previously, we have shown that this interaction can be exploited to develop an Ag + -sensing system based on Au NPs functionalized with the same TACNÁZn 2+ complex. 17, 18 In the present system, we expected that the addition of Ag + -ions to GMP-stabilized vesicles would lead to vesicle clustering (Fig. 1) .
The ability of GMP to induce aggregate formation was confirmed by a titration experiment in which the concentration of C 16 TACNÁZn 2+ was gradually increased in the presence of a constant concentration of GMP (20 mM) and the fluorescent apolar probe 1,6-diphenyl-1,3,5-hexatriene (DPH; 2.5 mM, l ex = 355 nm, l em = 428 nm). DPH is solubilized by the apolar part of surfactantbased aggregates and consequently a significant increase in fluorescence intensity is observed when the aggregates are formed. It was observed that the fluorescence intensity started to increase significantly after the addition of 20 mM of surfactant, compared to a concentration of around 100 mM in the absence of GMP (Fig. 2a) . The propensity of GMP to stabilize aggregates of C 16 TACNÁZn 2+ also emerged from an inverse titration in which increasing amounts of GMP were added to a 30 mM solution of the surfactant, which is well below the cac of 100 mM. Addition of GMP caused a rapid increase in fluorescence intensity at low micromolar concentrations (0-10 mM), and a saturation level was reached at around 50 mM (Fig. S1 , ESI †). Additional confirmation of aggregate formation was obtained from other techniques: UV-Vis, confocal laser scanning microscopy, DLS and TEM. The UV-Vis spectra of GMP were measured in the 5-60 mM concentration regime in the presence and absence of C 16 TACNÁZn 2+ (30 mM; Fig. S2 and S3, ESI †). The difference in absorbance between the two data sets showed a clear dependence on the concentration of GMP, indicative of a direct interaction between GMP and the TACNÁZn 2+ head group (Fig. S3 , ESI †). Confocal laser scanning microscopy studies permitted a direct visualization of aggregate formation. Although the size of the aggregates (vide infra) is lower than the resolution of this optical technique, the aggregation of the hydrophobic probe coumarin 153 (C153) in the aggregates resulted in an increase in local probe concentration, which could be detected. The aggregates were detected upon the addition of GMP (45 mM) to a solution of C 16 TACNÁZn 2+ (30 mM) and C153 (2.5 mM) ( Fig. 2b and c) . Control experiments using a regular fluorescence spectrophotometer confirmed that the C153 fluorescence increased significantly only in the presence of GMP, just as observed for the DPH probe (Fig. S4 , ESI †). The dynamic light scattering (DLS) intensity (count rate, kcps) of a 30 mM C 16 TACNÁZn 2+ solution increased significantly when GMP (45 mM) was added ( Fig. 2d and Fig. S5b , ESI †). Altogether, these data show that GMP plays an important role in stabilizing C 16 TACNÁZn 2+ -based aggregates. We assume that this originates from direct interactions between guanine and the TACNÁZn 2+ -complex supported by the UV-Vis titrations-in addition to the electrostatic interactions originating from the phosphategroup. 15, 19 Based on TEM ( Fig. 2c and ESI †), DLS (Fig. 2e , f, and ESI †), and fluorescence spectroscopy (ESI †) we postulate that GMP templates the formation of vesicle-like aggregates. Next, we were interested in studying the effect of Ag + -ions on the GMP-stabilized aggregates. Initially, using UV-Vis spectroscopy we studied the interaction between Ag + and GMP in the absence of a surfactant. It is noted that a decrease in the UV absorbance maxima of GMP at 253 nm is a signature characteristic of binding of Ag + to the nucleobase. 16 Under the experimental conditions, the titration of AgNO 3 to GMP (30 mM) revealed no binding up to a concentration of 150 mM, after which the absorption at 253 nm started to decrease (Fig. S8, ESI †) . However, we were pleased to observe that the same titration performed in the presence of C 16 TACNÁZn 2+ (30 mM) showed View Article Online a decrease in absorbance already upon the addition of low micromolar concentrations of Ag + ( Fig. 3a and b) . This is interesting because it indicates that the surfactant facilitates complex formation between GMP and Ag + . Previous studies on a related gold nanoparticle system had shown that the addition of Ag + -ions did not interfere with the TACNÁZn 2+ complex. 18 An increase in turbidity was observed at Ag + -concentrations higher than 100 mM, indicating the rapid formation of higher order clusters. For this reason, we performed an analysis of the formed structures and studied the kinetics of their formation by DLS, TEM and confocal laser scanning microscopy. Within minutes after addition of AgNO 3 solution (30 mM) to GMP-stabilized aggregates (C 16 TACNÁZn 2+ = 30 mM, GMP = 45 mM), DLS measurements showed a significant increase in size reaching dimensions in the micrometer range (Fig. 3c) . TEM images revealed irregular shaped clusters of the same dimensions in which spherical shapes reminiscent of the original vesicles could be discerned ( Fig. 3d and Fig. S11 , ESI †). Further support for the Ag + -induced clustering of GMP-stabilized vesicles and a direct insight into the kinetics were obtained from confocal microscopy using the previously described C153 probe (Fig. 3e, f and supporting Video S1, Fig. S12 , ESI †). After addition of a AgNO 3 -solution (300 mM) to a solution of GMP-stabilized vesicles (C 16 TACNÁZn 2+ = 100 mM, GMP = 100 mM), no apparent changes seem to occur for a period of around 12 minutes and only objects corresponding to the vesicles are detected. Then a rapid increase in the number of objects occurs over a relatively small period of time. As time proceeds, these start to aggregate into large structures with micrometer-sized dimensions. This provides a fascinating real-time observation of a supramolecular aggregation process of individual units into large clusters. 20 We would like to point out that the observation of agglomerates of fluorescent spots with confocal microscopy strongly supports the hypothesis that these originate from aggregated spherical objects (i.e. vesicles). In addition, structures of this size were not observed when either one of the monophosphate nucleosides (AMP, TMP and CMP) was used instead of GMP (Fig. S14, ESI †) . Only for CMP smaller aggregates were detected, but these lacked the size and complexity of those observed for GMP. This can be explained by the fact that Ag + forms ternary complexes with CMP, which may stabilize vesicles. 21 Altogether, these results demonstrate that Ag + -ions act as a glue that causes the agglomeration of vesicles into large clusters relying on selective interactions between Ag + and GMP.
Until now, the gain over spatial organizational control by external stimuli is mostly limited to metallic nano/microstructures, whereas reports with soft materials are scarce. 22 Thus, extending this possibility to soft structures by chemical pathways adds a new dimension to this field. An attractive feature of metal ions is that they can be easily generated in situ through the chemical oxidation of a metal film. This provides an attractive tool to gain spatiotemporal control over self-assembly processes that rely on the availability of metal ions. Herein, we were curious to see whether this approach could be used to locally induce aggregation of GMP-stabilized vesicles. For this purpose, Ag was deposited on a glass slide and enclosed in a hybridization chamber of 20 mm diameter and 0.6 mm height (Fig. 4a , for Experimental details, see the ESI †). GMP-stabilized vesicles were injected inside the chamber along with 0.1 mM H 2 O 2 in an aqueous solution buffered at pH 7. In the 23 Using a microscope, we monitored the formation of aggregates and were pleased to observe that the aggregation of vesicles occurred indeed only near the Ag surface (at 0.5-1 mm, Fig. 4a, c, Fig. S15 , S16 and supporting Video S2, ESI †). The aggregate concentration was strongly reduced at around 2 mm and completely absent at around 3 mm (Fig. S15 and S16, ESI †). Importantly, no aggregation was observed in the absence of H 2 O 2 , indicating that the oxidation of Ag is essential to trigger the process (Fig. S17, ESI †) . These results encouraged us to create a system in which cluster forming occurs in different areas. Therefore, we have made four Ag patches as shown in Fig. 4d and added GMP-stabilized vesicles in the presence of H 2 O 2 under similar experimental conditions. A significantly higher amount of clusters was observed close to the patches (1-4) compared to the central position 5 (Fig. 4e and Fig. S24 , ESI †).
In conclusion, we have shown the controlled hierarchical self-assembly of small molecules into large structures with micrometer-sized dimensions. The assembly process relies on two consecutive recognition processes: the first one between GMP and C 16 TACNÁZn 2+ leading to nanometer-sized vesicular structures, which, in a second step, cluster into large structures driven by the interaction between GMP and Ag + metal ions. The controlled activation by means of an oxidation process provides spatial control over the formation of the structures. Overall, the approach provides a facile entry in a class of supramolecular superstructures which have been gaining interest because of their applications in the fields of sensing and catalysis and for their function as model systems for studying organization and communication in complex multicellular biological systems. This work was financially supported by the European Commission (grant MSCA 657486).
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